To ensure consistency of clinical outcomes, orally inhaled therapies must exhibit consistent delivered dose and aerosol properties at the time of manufacturing, throughout storage, and during various patient-use conditions. Achieving consistency across these scenarios has presented a significant challenge, especially for combination products that contain more than one drug. This study characterized the delivered dose and aerosol properties of glycopyrrolate/formoterol fumarate metered dose inhaler (GFF MDI; Bevespi Aerosphere™). GFF MDI, a fixed-dose combination (FDC) of a long-acting muscarinic antagonist, glycopyrrolate (18 μg, equivalent to glycopyrronium 14.4 μg), and a long-acting β 2 -agonist, formoterol fumarate (9.6 μg; equivalent to formoterol fumarate dihydrate 10 μg), is formulated using innovative co-suspension delivery technology, which suspends micronized drug crystals with spray-dried phospholipid porous particles in hydrofluoroalkane propellant. In this study, delivered dose uniformity was assessed through the labeled number of doses, and aerosol properties, such as percent fine particle fraction (FPF) and mass median aerodynamic diameter, were determined by cascade impaction. GFF MDI achieved reproducible dose delivery and an FPF greater than 55%, whether formulated and delivered as a monocomponent or dual FDC. The performance of GFF MDI was maintained across various manufacturing batches, under extended storage, and with variations in flow rate. Furthermore, unlike a GFF drug crystal-only suspension, drug delivery remained consistent for GFF MDI when simulated patient-handling errors were applied, such as reduced shake energy and delays between shaking and actuation. These results demonstrate that cosuspension delivery technology overcomes well-known sources of variability in MDI drug delivery.
INTRODUCTION
Chronic respiratory disease is a significant cause of morbidity and mortality worldwide. Global prevalence rates for asthma and chronic obstructive pulmonary disease (COPD) alone are estimated to be more than 400 million, with COPD being the fourth worldwide leading cause of death (1) . For the treatment of these diseases, drugs are often delivered to the lung using an inhalation delivery device, which include pressurized metered dose inhalers (MDIs), dry powder inhalers (DPI), soft mist inhalers (SMIs), and nebulizers. Each type of inhalation device has its own unique benefits and challenges in terms of formulation requirements and patient usability that should be considered when developing a respiratory drug product. There is also a growing body of evidence showing the nature and extent of user error that inhalation devices are prone to (2) (3) (4) . Some errors can be addressed by more effective patient education, but advances in inhalation product and device technologies are also needed to improve their usability and ultimately achieve better health outcomes for patients.
Of the available inhalation devices, MDIs are the most widely used worldwide by volume with more than 500 million units estimated to be produced annually (5) . MDI formulations can be categorized as solution-or suspension-based depending on whether the drug is in a solution or solid form. For solutionbased MDIs, the drug is dissolved and homogeneously
The original version of this article was revised: The copyright of the article has been changed to The Author(s) 2017 and the article is forthwith distributed under the terms of the Creative Commons Attribution. dispersed throughout the liquid propellant; however, their broad application is limited by poor drug solubility in propellant. Achieving a solution MDI formulation is particularly challenging when two or more drugs are formulated together because the solubility of both drugs in propellant and excipient selection (e.g. ethanol) needs to be considered, along with the impact on product performance and stability (6, 7) .
For suspension-based MDIs, micronized drug crystals are suspended in propellant, often aided by suspension-stabilizing excipients (6) (7) (8) (9) . To ensure that each aerosol spray contains a consistent dose of drug on every actuation, it is critical for the drug, or drugs, in a suspension-based MDI to be physically stable (e.g., no particle growth or irreversible agglomeration) and evenly dispersed throughout the liquid propellant at the time of administration (6) . However, the change from chlorofluorocarbon (CFC) to hydrofluoroalkane (HFA) propellants created formulation challenges, with many of the drug microcrystal-based HFA MDIs having poor colloidal stability that results in rapid creaming or sedimentation, which can then lead to dosing variability (8, 9) .
The difficulties in achieving dosing consistency with suspension MDIs may be exacerbated by errors in patienthandling techniques. Previous studies have shown that compliance with MDI instructions for use, particularly inhalation maneuvers and shaking technique, can be poor among patients (3, (10) (11) (12) . In general, press-and-breathe MDIs require coordination between actuation and inhalation, as well as a relatively low inspiratory flow rate (13) . Additionally, for suspension-based MDIs, effective shaking prior to dosing is necessary in order to ensure consistent drug delivery (3, 14) . Improper inhaler technique during dose administration therefore may result in patients receiving incorrect doses during their treatment period that has the potential to affect clinical outcomes (3) .
Pearl Therapeutics Inc. has developed co-suspension delivery technology, an innovative MDI formulation that suspends micronized drug crystals with spray-dried phospholipid excipient porous particles in HFA propellant (8) . Cosuspension delivery technology addresses some of the key formulation challenges affecting suspension MDIs that can be applied to drugs, or combinations of drugs, with varying physicochemical properties and across a wide concentration range (8) . Additional excipients, such as co-solvents or suspension stabilizers, are no longer needed because the porous particles spontaneously form physically stable and easily dispersible suspensions in HFA propellants, whether cosuspended with micronized drug crystals (8) , or when drug is incorporated into the particles (15) . Co-suspension delivery technology was used in the development of GFF MDI, a bronchodilator fixed-dose combination (FDC) of glycopyrrolate (GP), a long-acting muscarinic antagonist, at a twice-daily dose of 18 μg (equivalent to 14.4 μg of glycopyrronium), and formoterol fumarate (FF), a long-acting β 2 -agonist, at a twicedaily dose of 9.6 μg (equivalent to formoterol fumarate dihydrate 10 μg). GFF MDI was approved recently by the US Food and Drug Administration as a long-term maintenance treatment for airflow obstruction in patients with COPD (16) .
Here, we aimed to demonstrate that improvements in MDI suspension formulation can be used to overcome variability in dose delivery, particularly those that result from patient-handling errors. To achieve this, a series of in vitro delivered dose and aerodynamic particle size distribution (aPSD) experiments were performed with GFF MDI to evaluate product performance across multiple batches, storage periods, inhalation flow rates, and use conditions. In addition, for those studies evaluating variations in shaking technique and prolonged delays from shake to actuate, a drug crystal-only MDI with the same drug composition and device, but no porous particles, was used to identify the attributes of GFF MDI product reliability that depend on co-suspension delivery technology.
MATERIALS AND METHODS

MDI Formulation
Monocomponent and dual FDC MDIs containing GP and/or FF were prepared by simultaneously suspending the micronized drug particles with spray-dried phospholipid porous particles (Bporous particles^; Fig. 1 ) in HFA-134a propellant. Drug microcrystals were produced by air-jet milling. The manufacturing process for phospholipid porous particles has been described before (17) . Briefly, an emulsion feedstock with 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and anhydrous CaCl 2 (equivalent to a 2:1 DSPC/CaCl 2 molar ratio) was prepared. During the emulsion preparation, DSPC and CaCl 2 were dispersed into a vessel containing heated water and perfluorooctyl bromide (perflubron) using a high-shear mixer. The coarse emulsion was then further processed with a high-pressure homogenizer before spray-drying (18) . Commercially available pressure filling equipment was used for MDI manufacturing (19) . The suspension was filled into 14-mL aluminum canisters (H&T Presspart GmbH & Co. KG, Marsberg, Germany) through 50-μL valves (Bespak, King's Lynn, UK). For the preparation of the drug crystal-only MDIs tested for comparison, the porous particles were excluded with all other aspects of the preparation process and container closure system remaining the same.
Sample canisters were selected during manufacture for total canister drug content analysis to ensure correct formulation quantities. MDIs were held for a minimum of 1 week prior to aerosol performance testing. All aerosol performance testing was performed with a 0.30-mm spray orifice diameter actuator (Bespak, King's Lynn, UK).
Aerosol Performance
Aerosol performance was tested using the method described in the United States Pharmacopeia (USP) Chapter 601 and a manual shake maneuver of 15 vertical shakes in 5 s, unless otherwise specified. All aerosol performance collections were performed by manual actuation. Waste actuations between the beginning and end of MDI-labeled actuations were automated (FD-10, Innova Systems, Inc., Moorestown, NJ, USA). A Next Generation Impactor™ (NGI; MSP Corporation, St. Paul, MN, USA) cascade impactor operated at an air flow rate of 30 L/min was used for determination of the aPSD. For these tests, the MDI was attached to the NGI via a Delrin ® mouthpiece adapter and USP induction port (USP Throat; MSP Corporation, St. Paul, MN, USA). Additional flow rates of 15 to 90 L/min were analyzed for flow-rate dependency. The volume of inhalation was held constant at 4 L. Sample canisters were seated into actuators with two seating waste actuations and primed with two additional actuations. Two to five actuations, depending on the study, were collected in the NGI with a USP induction port attached. The valve stem, actuator, induction port, NGI collection stages, and micro-orifice collector were rinsed with volumetrically dispensed solvent. The sample solutions were assayed using a drug-specific highperformance liquid chromatography method. The fine particle dose was defined as the mass of particles with an aPSD less than 5.0 μm, an interpolated value. To allow comparisons of inhalers with different dose strengths, the fine particle fraction (FPF) was used. FPF is calculated by normalizing the fine particle dose by the emitted dose (sum of mass deposited on the mouthpiece adapter, throat, stages 1-7, and microorifice collector). From the aPSD, a mass median aerodynamic diameter (MMAD) was also obtained, consistent with USP 601 .
Delivered dose uniformity through canister life testing was performed using a Dose Uniformity Sampling Apparatus as described by USP 601 . Inhalers were seated and primed as described before. Two actuations were collected and assayed at the beginning and throughout product life, depending on the study.
The effect of shaking variation on delivered dose was assessed using three manual shaking maneuvers: (i) a standard control shake (15 shakes in 5 s), (ii) a slow gentle shake (3 shakes in 5 s), and (iii) a single vertical inversion. The delivered dose result following each shaking maneuver was normalized to the result obtained with the standard control shake. The effect of a delay from the time of actuation to the time of dose collection on delivered dose was assessed for delay times of 0, 2, 5, 10, 30, and 60 s for a drug crystalonly MDI and GFF MDI. The delivered dose result for each delay was normalized to the result obtained with no delay. The percent intra-can difference in drug delivery between GP and FF was calculated for each canister. This was done at the delay time of 60 s by subtracting the delivered dose of GP (as a % of the label claim dose) from the delivered dose of FF (as a % of the label claim dose). An overall mean was calculated by dividing the sum of the individual percent intra-can difference values by the total number of samples. The percent intra-can difference was calculated for the drug crystal-only MDI and GFF MDI.
Statistical Analysis
To evaluate in vitro statistical equivalence of the mono and dual FDC MDI suspension (Table I) , a two one-sided t test (JMP Statistical Software, SAS, Cary, NC, USA) was performed on the FPF results from the aerodynamic particle size distributions (Fig. 2) . A two-sided 90% confidence interval was calculated for the true mean difference between GFF MDI and the corresponding monocomponent MDIs. Statistical equivalence is met if the 90% confidence interval is fully contained within a practical equivalence threshold, θ, of 10% (Table I) .
RESULTS
Performance of Dual FDC MDI Developed Using Cosuspension Delivery Technology
To first demonstrate that combining two drugs into an FDC does not change the aerosol performance of each individual component, the aerosol performance of each drug in GFF MDI was compared with the corresponding monocomponent MDI (GP MDI or FF MDI). The aPSD for GP formulated using co-suspension delivery technology was similar in both the monocomponent formulation and the dual FDC formulation (GP MDI and GFF MDI, respectively; Fig. 2a) . The same patterns of consistent aerosol performance between the monocomponent and dual FDC MDIs were upheld for FF (Fig. 2b) . Furthermore, the FPF and MMAD of the therapeutic agents remained consistent regardless of whether they were delivered from a mono or dual FDC MDI suspension (Table I ). The 90% confidence interval for the mean difference in FPF between the monocomponents and dual FDC MDI was contained within the equivalence threshold of 10% for both drugs (p < 0.0001; Table I ). These results show that the aerosol performance of the two drugs, GP and FF, was consistent when formulated with cosuspension delivery technology as either monocomponent MDIs or in a dual FDC MDI.
Batch-to-Batch Consistency and Shelf-Life Stability
To investigate the batch-to-batch consistency and shelflife stability of GFF MDI, delivered dose uniformity through canister life was tested in three primary stability batches (> 1000 canisters) that were stored up to 24 months at 25°C/ 60% relative humidity (long-term storage condition per International Council for Harmonization Stability Testing for New Drug Substances Q1A Revision 2). Stability samples were packaged in foil pouches with desiccant during storage. Samples were tested at initial and after storage for 1, 3, 6, 12, 15, 18, 21, and 24 months. The distribution of delivered dose results on stability for both GP and FF are shown in Fig. 3 . Throughout the shelf-life of GFF MDI, > 99% of doses were within 75-125% of label claim (LC). Furthermore, the mean delivered doses through 24 months of shelf-life were 100.3 and 100.9% LC for GP and FF, respectively. These results demonstrated that GFF MDI provides a consistent and stable dose, independent of batch, throughout the shelf-life of the product.
Consistent Aerosol Performance Independent of Flow Rate
The inhalation rate and volume for patients with COPD can vary based on the individual, as well as the severity of the disease and resistance of the device used for treatment (13) , and failure to inhale at the correct flow rate is one of the most common MDI user errors (20, 21) . Unlike DPIs, which require a fast and strong inhalation at a flow rate > 30 L/min to move the powder from the device into the airways, MDIs require a slow and deep inhalation with typical peak inspiration flow rates of ≤ 90 L/min (13) . To assess the effect of varying flow rate on the aerosol performance of GFF MDI, the FPF and MMAD were determined for continuous in vitro flow rates of 15-90 L/min (Fig. 4) . These flow rates were comparable with typical peak inspiratory flow rates of patients with COPD (13) and also produced a range of inhalation volumes since the MDI plume duration is constant regardless of the test flow rate. Moreover, peak inspiratory flow rates < 30 L/min are not common for patients with COPD, particularly using an MDI device (13, 22) , and therefore 15 L/min in these Table I , indicating minimal impact of inhalation flow rate on the GFF MDI in vitro aerosol performance. Overall, these results showed GFF MDI performance is consistent across a broad range of inspiratory flow rates.
Delivered Dose of GFF MDI Compared with Drug CrystalOnly MDI Without Co-suspension Delivery Technology
To confirm that the consistent performance of GFF MDI is dependent on the co-suspension delivery technology, drug delivery was determined for both GFF MDI and a settling drug crystal-only MDI (no porous particles) for doses at the beginning, middle, and end of the MDI labeled canister actuations. GFF MDI employing co-suspension delivery technology demonstrated consistent delivered dose from the first usable actuation to the last, with all doses within ± 10% of the LC dose for both GP and FF (Fig. 5) . For the drug crystal-only MDI, increased variability was observed from beginning to end of product life, with doses ranging from 85 to 150% LC for both drugs.
In Vitro Performance with Handling Errors: Variable Shake Technique
A common mistake in patient inhaler technique is the failure to sufficiently shake the MDI prior to taking a dose (3) . To evaluate the impact of shake energy on drug delivery consistency, GFF MDI and the drug crystal-only MDI were subjected to one of three different shake energy maneuvers prior to obtaining the delivered dose: (i) a standard shake (15 shakes in 5 s), (ii) a gentle shake (5 shakes in 5 s), and (iii) a single inversion to simulate lifting the device from a rest position.
When the modified shake maneuvers of either a single inversion or gentle shake were applied, GFF MDI delivered a consistent dose, within 25% of the target dose produced by the standard control shake, for all results except one (Fig. 6) . By comparison, the drug crystal-only MDI displayed marked variability, particularly for the gentle shake group, with delivered dose results ranging from 40 to 170% of the standard shake. These results demonstrate that the cosuspension delivery technology enables more robust and consistent drug delivery under gentle shaking conditions, which may translate to the GFF MDI being less susceptible to drug delivery variability as a result of patient shaking technique.
In Vitro Performance with Handling Errors: Variable Delays from Shake to Actuation
In the ideal patient setting, a dose would be administered as soon as possible following MDI shaking, but these details are typically not provided in patient instructions. In actual use, delays may occur between shaking and actuation, which could result in drug delivery higher or lower than the intended dose, depending on the rate at which a suspensionbased MDI settles or creams (14) . To evaluate this minor handling error scenario, GFF MDI delivered dose was characterized with delays imparted from shake to actuation of up to 60 s and compared with the drug crystal-only MDI. During the delay, MDIs were held valve down. The results for both MDI formulations were normalized to the mean of the no delay control group. GFF MDI drug delivery remained within 10% of the control for both GP and FF with delays from shake to actuation of up to 60 s (Fig. 7) . Comparatively, drug delivery for the drug crystal-only MDIs showed 4 . The FPF (< 5 μm) of GFF MDI, formulated using the co-suspension delivery technology, is consistent across a broad range of continuous in vitro flow rates. N = 5 NGI were collected per flow rate. FF formoterol fumarate; FPF fine particle fraction; GFF glycopyrrolate/formoterol fumarate; GP glycopyrrolate; MDI metered dose inhaler; NGI Next Generation Impactor increased variability and divergence from the control, with the delivered dose of GP exceeding 115 and 120% of the control for delays of 10 and 60 s, respectively. Furthermore, the mean percent intra-can difference in drug delivery (% difference GP-FF) was approximately 6% for the drug crystal-only MDI suspension following a 60-s delay from shake to actuate, compared with a mean percent intra-can difference of < 1% for GFF MDI. Taken together, these results provide further evidence that GFF MDI, when formulated with the co-suspension delivery technology, maintains drug delivery consistency when simulated handling errors are applied.
DISCUSSION
Patients with COPD are typically treated with maintenance inhalers containing 30 days of drug treatment, which equates to 30 doses for a once-daily therapy or 60 doses for a twice-daily therapy. These products must be able to deliver the intended dose throughout the device life span. Each inhalation device type, whether MDI, DPI, SMI, or nebulizer, has its own set of formulation and development challenges with regards to achieving dose consistency (28, 29) , particularly for products that contain more than one drug, where drug delivery must be consistent between the mono and dual formulations (30, 31) . For suspension-based MDIs, one such challenge is poor physical and kinetic stability, which can result in drug delivery variability from one dose to the next (6, 7, 9) .
In contrast to typical suspension-based MDI formulations, GFF MDI is formulated with co-suspension delivery technology that was designed to overcome challenges in MDI development and drug-delivery consistency. In this formulation, surface polarity of the phospholipid porous particles is similar to the surface polarity of the HFA, which reduces the tendency of porous particles to aggregate. Moreover, since there are a proportionally higher number of excipient particles than drug crystals, the drug crystals spontaneously associate with porous particles and form suspensions in propellant. Since the porous particles are less dense than the propellant, the porous particle/drug crystal ensemble results in a slowly creaming suspension that is easily dispersed with minimal input energy (8) . Furthermore, the strong nonspecific interaction between the porous particles and the drug crystals is stable in that drug crystals do not sediment when a sufficient amount of porous particles is available, regardless . GFF MDI formulation with the co-suspension delivery technology shows consistent delivered dose irrespective of shake techniques (relative to a standard control shake). In contrast, a drug crystal-only MDI showed increased variation in drug delivery, particularly when a gentle shake was applied. All results are presented relative to the standard shake delivered dose. N = 10 delivered dose were collected per product and shake type. DT delivery technology; FF formoterol fumarate; GFF glycopyrrolate/ formoterol fumarate; GP glycopyrrolate; MDI metered dose inhaler of whether a single drug or multiple drugs are formulated (8, 30) . As has been demonstrated with GFF MDI, the cosuspension delivery technology is effective at formulating FDC MDI products in which the performance of each individual drug is not impacted by the presence of the other drug or drugs (8) .
In addition to addressing formulation challenges with MDI product development, co-suspension delivery technology also showed robust drug delivery under conditions of simulated patient use and handling errors in this study. GFF MDI demonstrated delivery of a consistent FPF for flow rates of 30-90 L/min, which may help to provide reliable dosing to patients with COPD with variable peak inhalation flow rates and volumes. These results are higher than, or comparable with, other MDIs, including an ultrafine solution-based formulation (23) (24) (25) (26) (27) . The flow rate independence of other MDIs has previously been shown, but across a narrower range of flow rates (24, 27, 32) . One commonly recognized user error with suspension-based MDIs is insufficient shaking prior to taking a dose (3) and, although not typically stated in patient instructions, imparting a delay between shaking and dose administration may also introduce dosing variability (14) . For suspension-based MDIs, thorough shaking is often required to re-disperse and uniformly suspend the drug in propellant, as these drug formulations tend to flocculate and subsequently cream or sediment (9) . Incorrect shaking or delays between shaking and actuation can result in significant deviations in both in vitro and in vivo drug delivery (14, 33, 34) . GFF MDI with co-suspension delivery technology showed more consistent drug delivery when these simulated handling scenarios were applied in vitro compared with a drug crystal-only MDI. The drug crystal-only MDI used in this comparison had the same manufacturing process and container closure system as GFF MDI, but without any process or formulation optimization that would be expected for marketed MDI therapies. Similar to previous reports with other suspension-based MDIs that tend to settle, the drug crystal-only MDI displayed an increase in drug delivery when time between shaking and actuation was extended (14) . Specifically, a recent evaluation of marketed MDI products showed that drug delivery was highly variable when delays from shake to actuation were applied, with delivered dose results exceeding 300% of the target LC dose for a 60-s delay between shake and actuation (14) .
CONCLUSION
Co-suspension delivery technology provides a stable, uniform, and easily dispersed MDI suspension formulation when combined with one or multiple types of drug crystals. The formulation attributes of this technology enable pharmaceutical development of therapies that overcome many of the common drug-delivery consistency challenges associated with MDIs, including those that result from handling errors. GFF MDI, an FDC of two bronchodilators formulated using co-suspension delivery technology, displays consistent drug delivery and aerosol performance across a variety of standard test conditions and simulated handling errors. Furthermore, based on this evidence, the GFF MDI performance characteristics associated with cosuspension delivery technology are expected to translate into reliable dosing when used by patients in a real-world setting.
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